Airway emergencies are infrequently encountered, as improvements in clinical practice have resulted in emergencies being pre-empted or being handled in a semi-elective fashion. Even if an airway emergency arises, well-established clinical algorithms exist to guide decisions on the recommended course of action. Cricothyroidotomy forms one of the two rescue limbs of a 'can't intubate, can't ventilate' scenario, with laryngeal mask airway being the other alternative. When performed quickly, cricothyroidotomy is a life-saving procedure in situations where there is failure of all other techniques to salvage a lost airway 1 . However, the success of cricothyroidotomy in any situation warranting its application is crucially dependent on the precision and speed of the procedure 2 .
Lack of experience has been acknowledged as the main reason for cricothyroidotomy failure 3, 4 . Many airway specialists have neither witnessed nor managed a 'can't intubate, can't ventilate' scenario during their training 5 . Some have limited exposure to the equipment available for cricothyroidotomy and several have not undergone formal training for this life-saving procedure. This is perceived as a serious gap in many training schemes worldwide.
The last two decades have witnessed significant structural changes in anaesthesia and intensive care training programs, such that it has become imperative to include formal instruction in cricothyroidotomy for trainees to inculcate skills in performing this lifesaving procedure 6, 7 . The steps of the procedure to be undertaken in the event of an airway emergency are fairly standardised [8] [9] [10] . This being the case, instruction in performing the procedure can be imparted to trainees and can also be assessed objectively.
It has been suggested that in order to introduce skill set training into any academic program, the basic number of cases for each procedure needs to be determined [11] [12] [13] . Very few studies have researched this topic. Wong et al 14 investigated the minimum number of training attempts needed to acquire an optimal and reliable rate of success at cricothyroidotomy. However, they used a threshold of 40 seconds to define success, in contrast to other studies [15] [16] [17] which showed that even in the hands of an experienced operator cricothyroidotomy could take up to 60 seconds. We therefore decided to reinvestigate this important question using a more realistic threshold of 60 seconds to define success.
SUMMARy
Cricothyroidotomy is infrequently performed in the intensive care unit but may be a lifesaving procedure. The aim of this study was to determine the number of attempts required by trainees to gain adequate skills for a successful cricothyroidotomy (defined as lung inflation <60 seconds). The effect of training on time to completion of cricothyroidotomy was also studied. After viewing a demonstration video on the procedure, each participant attempted cricothyroidotomy five times consecutively on a manikin with a pre-assembled Melker cricothyroidotomy kit. Time from 'skin' palpation to 'lung' inflation was recorded for 30 participants. Time to completion of cricothyroidotomy decreased over consecutive attempts within each participant (F 4df =39.6; P <0.001) and between participant variability in times recorded at each attempt also decreased (P=0.04). overall improvement in time to completion was seen even between the fourth and fifth attempts (mean difference -6.3 seconds; P <0.001). All participants were successful by the fifth attempt, by which stage all but two had been successful on two consecutive attempts. Age, years of postgraduate practice and level of seniority appeared to be associated with earlier success. Consecutive attempts on a manikin led to an improvement in the time to completion of cricothyroidotomy and rate of a successful outcome (<60 seconds). We recommend that clinicians undergo at least five training attempts on a manikin to gain proficiency in cricothyroidotomy.
The primary aim of our study was to determine the number of cricothyroidotomy attempts required to complete the procedure within 60 seconds on a manikin.
METHoDS

Study setting
Westmead Hospital is a large, university-affiliated, tertiary care hospital located in the western metropolitan region of Sydney. The intensive care unit (ICU) at Westmead Hospital is accredited as a C-24 18 unit by the College of Intensive Care Medicine for training in the specialty and is graded as a Level 3 ICU. It is a 22-bed unit, which admits over 1000 high-acuity medical, surgical and trauma patients per annum. Medical staffing in the ICU consists of different grades of doctors with dedicated responsibilities. Specialists, provisional fellows, registrars and resident medical officers (RMO) working at Westmead ICU were invited to participate in the study.
The study was approved by the Sydney West Local Human Research and Institutional Ethics Committee (Approval No. HREC2011/12/6.1 [3435] AU RED LNR/11/WMEAD/305). Written informed consent was obtained from all participants. Participation was voluntary.
Study protocol
The study was designed and conducted in accordance with the published work of Wong et al 14 . All participants were provided with study materials on cricothyroidotomy a fortnight ahead of the scheduled training session. A multiple choice questionnaire was administered to assess previous experience in resuscitation procedures including different cricothyroidotomy techniques. on the day of training, each participant was shown steps of the Seldinger technique cricothryoidotomy in a demonstration video (Cook Medical Inc, Bloomington, IN, USA). The kit used to perform the procedure was a Melker pre-assembled percutaneous dilatation set (C-TCCS-400; Cook Medi cal Inc, Bloomington, IN, USA). A bag-valve mask hand ventilator was also used (Resus-EZy; Endovations, Shells Medical, Camperdown, NSW). A silicone Portex Cricothyroidotomy (Laerdal Medical Ltd, Kent, UK) training manikin was used for participants to practise the procedure.
The procedure for each participant was demonstrated by one of the primary investigators (KS).
Outcome assessment
Participants performed the procedure on the manikin over five consecutive attempts. All attempts were timed from the start of skin palpation to tracheal insufflations, as documented by insufflation of the artificial lungs on the manikin. The procedure was considered successful if a patent cricothyroidotomy airway was established within 60 seconds. Our plan to study only five consecutive attempts was a departure from Wong's study. We chose five attempts based on their findings, which showed a plateauing of performance after the fourth attempt. We therefore reasoned that a 60-second threshold would yield success in fewer attempts.
Statistical analysis
Data were tabulated in MS Excel (Microsoft, Seattle, WA, USA) and analysed using SPSS for Windows, version 15.0 (IBM SPSS statistics, Chicago, IL, USA). Continuous data were analysed by using repeated-measures analysis of variance and Student's t-test. Categorical variables were analysed using chi-square test or Fisher's exact test as indicated. Data were presented as mean or median value, numbers or percentages as appropriate. Kaplan-Meier 'time-to-event' analysis for each attempt was N=number. done to compare the median time to success for the group as a whole. Data plots of individual learning profile were also created. Repeated-measures analysis of variance was used to estimate the withinsubject variance over five attempts. A P value less than 0.05 was considered statistically significant. All reported P values were two-sided and were not adjusted for multiple comparisons.
RESULTS
A total of 30 participants were included (Table  1) ; the majority (60%) were ICU trainees (senior registrars and registrars) of the College of Intensive Care Medicine. There were ten participants (33%) who had never previously performed a cricothyroidotomy. All three (10%) specialists in the group had several years of airway skills and more than 20 years of clinical work experience.
Time to completion of cricothyroidotomy
There was a statistically significant decrease (P <0.01) in the average time to completion of cricothyroidotomy from the first to the fifth attempt ( Table  2 ). The median time to completion of cricothyroidotomy was <40 seconds by the fifth attempt ( Figure  1 ). Time to completion of cricothyroidotomy decreased over consecutive attempts within each subject (analysis of variance F 4df =39.6; P <0.001) and between subjects variability in times recorded at each attempt also decreased (P=0.04). on pairwise comparisons (Table 3) , improvement in time to completion of cricothyroidotomy was seen even between the fourth and fifth attempt (mean difference -6.3 seconds; P <0.001). This indicated ongoing learning and skill acquisition throughout these attempts.
The Kaplan-Meier 'time-to-event' curve for completion of cricothyroidotomy ( Figure 2 ) plots the cumulative completion rate of the procedure against the time taken for each attempt. It is important to point out that no procedure was abandoned. All cricothyroidotomy attempts were successful, even though a few took as long as 99 seconds to complete ( Table 2) .
Learning objectives
An individual learning profile of all subjects is depicted in Figure 3 . overall, 14 out of 30 subjects (47%) were successful in their first attempt. Of these, five (18.6%) subjects (17, 19, 22, 24 and 26) came in well under the threshold of 60 seconds and showed little or no further improvement in their learning profile as judged by minimal improvement in their time to completion of cricothyroidotomy. Most of the subjects who took longer than 60 seconds to complete the procedure showed a steady and satisfactory improvement in time to completion. This was most marked between the first and second attempt but was noticeable even between the fourth and fifth attempt. Thus, all subjects (100%) completed the procedure within 60 seconds by the fifth attempt.
Learning was also measured as a consistency in performance. This required an individual to complete two consecutive procedures within 60 seconds. More than 80% of the participants were able to achieve this by their third attempt and overall 93% were able to record this success by their fifth attempt ( Table 4 ).
Factors associated with success at cricothyroidotomy
Subjects were analysed according to their age, years of clinical experience, airway expertise and prior cricothyroidotomy learning in order to to study the influence of these factors on success at cricothyroidotomy. Results are summarised in Table 5 .
The most impressive finding was that three subjects (10%) completed cricothyroidotomy within 60 seconds in their first attempt. They were all consultants with more than ten years of airway experience. Age, years of clinical experience and level of seniority (specialist, registrar or RMo) appeared to be associated with success at an earlier attempt. It was also apparent that those with the longest duration of clinical experience were the ones with a relatively senior appointment in healthcare.
Assessment based on prior cricothyroidotomy experience was sought specifically to understand factors, if any, that influenced success among those with no prior experience with the procedure. Ten subjects (33%) had never performed a cricothyroidotomy.
These participants were considered equivalent to a group of professionals entering a training program, and were considered important for further enquiry. Five of these ten subjects were not only naïve, but also relatively inexperienced in terms of their airway skills. However, this did not affect their learning or skill acquisition during the course of the study.
DISCUSSIoN
our study demonstrates that time to completion of cricothyroidotomy decreased steadily over five consecutive attempts on a standard training manikin. By the fifth attempt, all the participants were able to perform cricothyroidotomy successfully within the preset benchmark of 60 seconds and 28 of the 30 (93%) subjects had achieved this on two consecutive attempts.
The results of our study confirm the findings of an earlier study. Wong et al 14 percutaneous cricothyroidotomy kit (Cook Medical Inc, Bloomington, IN, USA) in a manner similar to that adopted in our study. They included 102 subjects and analysed success rates and time to completion of cricothyroidotomy over ten consecutive attempts on a manikin. They found plateauing of the time to completion of cricothyroidotomy by the fourth attempt and a 96% success rate by the fifth attempt. While there are several similarities between the two studies, there are some important differences as well. First, our study was designed to look at participants working in an ICU environment and included resident doctors who were naïve to airway procedures. We were particularly interested in a subset of individuals with no prior airway skills to understand how this influenced learning. Second, we analysed our data with repeated measures analysis of variance to specifically test the hypothesis that time to completion varied within each subject over five attempts. We further estimated the direction of this change to show an improvement in time to completion of cricothyroidotomy for the group as a whole. Third, we chose the 'time-to-event' analysis for each attempt and estimated the median time to success for the group as a whole. We also looked carefully at individual learning profiles of all subjects in the study.
As applies to any technical skill (such as insertion of a central venous line or an epidural catheter), instruction using visual aids and/or live demonstration coupled with repeated practice yields the best results 11, 19, 20 . Koppel et al 21 noted that, although 80% of trainees in American anaesthesia residency programs were taught cricothyroidotomy, in most instances the teaching was purely theoretical without any practical hands-on training experience. Thus, many airway physicians do not get an opportunity to acquire skills during the tenure of their residency programs.
In our study, participants were provided with sufficient time and study materials on the practical aspects of cricothyroidotomy. Prior to assessment of competencies, they completed a multiple choice questionnaire to ensure a feedback loop on their gained knowledge. Each participant then watched an instructional video which demonstrated how to do the procedure on a manikin. This was followed by a live demonstration of cricothyroidotomy on the model used for this study. Each participant attempted the procedure a total of five times consecutively. During the training sessions we noted that if the sheath of the introducer needle was not inserted far enough, the guidewire kinked at insertion, possibly failing to traverse the thickness of rubber in the training manikin. This seemed to be one of the factors that prolonged the time taken by participants to complete the procedure. A similar observation was reported by Eisenburger and colleagues 15 . Hence, we recommend that special emphasis be placed on this aspect of training with the Seldinger technique. There were no other practical problems encountered with the Melker kit. other previous studies have made similar efforts to assess the effect of repeated practice on skill acquisition. Kopacz et al 16 published reports of 45 spinal and 60 epidural anaesthetics being required before 90% success rates were possible. Konrad et al 11 produced learning curves for the first year anaesthesia trainees learning to perform five common procedures on patients. They found that 57 cases were required to achieve a 90% success rate for tracheal intubation. In contrast, 90 cases of epidural anaesthesia were required before an 80% success rate was achieved.
Very few studies have been done to determine the number of cricothyroidotomy procedures that must be performed to achieve proficiency 14 . In our study, we found the number to be five. While further improvement in individual performance was expected with repeated practice, our study was designed to specifically evaluate the number of training attempts needed to complete a cricothyroidotomy within a preset threshold. By the fifth attempt, all subjects in our study demonstrated an ability to secure an airway within 60 seconds. Compression of the learning experience into a single time period and performance in a non-emergency situation on a manikin, may have resulted in a lower than expected figure. In addition, the small number of procedures required to achieve proficiency may have been related to familiarity of the subjects with the Seldinger technique and other airway procedures like percutaneous tracheostomy. Two-thirds of our participants had previous experience of being trained in performing a cricothyroidotomy. our results showed that there were no differences in the time taken to complete cricothyroidotomy and overall success rates between those with or without prior cricothyroidotomy experience. Therefore, our study demonstrated that sporadic random events from the past do not contribute to incremental improvement in performance as much as a gain in competency with short-term, repeated practice. on comparison of the effect of age and experience of subjects and cricothyroidotomy performance, it was noted that younger individuals (≤44 years) with fewer years of clinical and airway experience were substantially slower in time to completion of cricothyroidotomy over five attempts. This is in contrast to previous studies which have shown that acquisition of sensorimotor and cognitive skills were faster in young adults 22, 23 . our results probably reflect accumulated clinical experience that leads to better proficiency, confidence and speed related to airway procedures.
It is imperative that the method used for securing an airway during an emergency is rapid, highly effective and intrinsically simple to perform. It is likely that any previous training will be remote in time and possibly poorly remembered in this highly stressful situation. Use of a pre-assembled cricothyroidotomy kit compared to the traditionally recommended 6 mm endotracheal tube to secure the airway through a cricothyroidotomy is helpful in an emergency. Furthermore, a kit that uses the Seldinger technique renders familiarity with the procedure, allowing better recall and improved performance 2, 24 .
We acknowledge that our study was a small, singlecentre study conducted in 30 subjects. The small numbers rendered the study underpowered to assess the effect of various factors in learning. Point estimates of time required to complete cricothyroidotomy were associated with wide confidence intervals, but this did not affect the size or direction of effect. The small sample size did not permit a multivariate analysis or allow us to assess collinearity of variables on statistical analysis. Furthermore, our study was performed on manikins, not on cadavers or animal models. We acknowledge that the use of manikins is less realistic than cadaveric models, making it hard to extrapolate to real-life situations. Complications like haemorrhage and subcutaneous or airway oedema cannot be assessed on a manikin model and yet such complications may impact adversely on the outcome of an airway procedure 25 . It is acknowledged that a cricothyroidotomy in a real-life crisis may take longer compared to performing it on a manikin. Therefore, a time limit of 60 seconds to complete the procedure used as a measure of success in our study may be viewed as tight, particularly as it does not include time taken to move emergency airway equipment to the bedside.
When compared to cadavers, manikin models do not simulate a real-life situation of patients in terms of manipulation of human tissue 26 . Studies in literature suggest that a human cadaver offers the closest similarity to real-life conditions and hence is the preferred model for cricothyroidotomy training 27, 28 . However, ethical and logistic considerations make cricothyroidotomy on manikins a more practical option for teaching and assessment purposes especially for large groups.
The urgent nature and rarity of the technique makes human controlled trials difficult, if not impossible to perform. Training in a simulated environment is widely recommended. In our study, we were able to determine that five consecutive attempts in a single session are needed for skill acquisition. However, we did not assess retraining intervals and thus can make no specific recommendation. A previous study 17 suggested that a 30day interval might be superior to a 90-day interval to retain the precision of cricothyroidotomy skills, but this issue needs further evaluation.
In conclusion, we observed improvement in the time to successful completion of the cricothyroidotomy with consecutive attempts. By the fifth attempt all participants in our study were able to conduct the procedure within 60 seconds and 93% had achieved this on two consecutive attempts. We therefore recommend that physicians dealing with emergent life-saving situations who are being trained on a manikin should have at least five consecutive attempts.
